This paper presents the design of a sensor packaging for a Fibre Bragg Grating (FBG) based fibre optic humidity sensor. The evaluation of the developed fibre optic sensor was performed under experimental conditions and verified its capability to withstand highly alkaline environments. Therefore, the sensor can be applied to monitor the concrete humidity level and thus to indicate the maintenance of concrete structures.
INTRODUCTION
The level of humidity strongly influences the lifetime of concrete as different types of degradation mainly depend on the pore water content of the concrete [1] . For instance, a fast setting of the concrete might cause a high pore density and thus reduce the stability of the concrete sample. Furthermore, the carbonation of concrete, which reduces or even eliminates the passivation of the steel reinforcement and therefore makes it more likely to corrode, mainly takes place in an aqueous phase. Also thermally induced damages, e.g. in the case of fire or frost, are critical for the stability of the concrete. Consequently, in order to indicate the service time of the concrete the monitoring of humidity level is essential.
Fibre optic sensors have the inherent advantages of being electrically passive, easy to multiplex as well as capable to operate remotely. In the past several different approaches of fibre optic moisture sensors based on Fibre Bragg Gratings (FBGs) have been reported [e.g. 2] . In order to use FBGs for humidity sensing they have to be coated with a moisture sensitive polymer. This polymer then interacts with humidity and swells, which leads to an axial and radial strain in the fibre and, thus, the FBG. For instance Polyimide (PI) can be used as a moisture sensitive polymer. It is hygroscopic and swells in aqueous media. In the past PI coated FBG based fiber optic humidity sensors have been successfully used to measure the moisture absorption of concrete structures [3] as well as masonry structures [4, 5] . However, the highly alkali environment inside the concrete degrades the PI coating and hence reduces the performance of the PI coated FBG based fiber optic humidity sensor with time [6] . Therefore, in this paper a sensor packaging for a FBG based fiber optic humidity sensor is designed and evaluated. The sensor packaging contains a PTFE membrane that protects the PI coating of the fiber optic humidity sensor against alkaline solutions.
TECHNICAL DESCRIPTION Background
The fibre optic sensor consists of two Fibre Bragg Gratings, which are multiplexed along a single optical Single Mode (SM) fibre, as shwon in Fig. 1 . A FBG coated with a moisture sensitive polymer (PI coating) is used for humidity sensing. In order to compensate the cross-sensitivity of the polymer coated FBG a second bare FBG is used for temperature measurements. Light travelling to the fibre optic sensor is reflected at the first and second FBG at wavelengths equal to the respective Bragg wavelengths λ B01 and λ B02 . All other wavelengths propagate through the optical SM fibre.
The shift of the Bragg wavelength of a bare FBG due to temperature can be calculated as [2] :
*Kort.Bremer@hot.uni-hannover.de where P e , α and ξ are the photoelastic constant, the thermal expansion coefficient of the fibre and the fibre-thermooptic coefficient [2] . Furthermore, the humidity and temperature sensitivity of the polymer coated FBG can be expressed as [2] :
where α T and α RH are the thermal and moisture expansion coefficients [2] . By using the humidity coefficient (a 22 ) and temperature coefficients (a 11 , a 21 ) from both FBGs in Equation 
The matrix equation in Equation 4 can be inverted and hence the applied humidity/temperature can be determined.
Fabrication
Both FBGs were inscribed into a fibercore PS1250/1500 optical SM fibre using a KrF excimer laser using the phase mask technique. Subsequently the fibercore optical fibre was tempered at 200°C for three hours to avoid any thermal drifting of the FBGs later. Then one FBG was coated with polyimide (Pyralin PI 2525) using the dip coating technique [2] . In order to enhance the bonding between the polyimide coating and the optical fibre, the second FBG was first treated with 3-aminopropyltriethoxysilane (3-APTS) solution (0.1%) diluted with deionised water [2] .
Packaging
In order to protect the FBG based humidity sensor an appropriate sensor packaging was developed. At first the optical fibre comprising both FBGs was embedded into a tube made of PEEK and perforated at the tip. The perforated tip ensures that water vapour reaches the PI coated FBG. The perforated tip was then covered using a permeable PTFE membrane to protect the sensor against dirt and chemicals [6] . Finally the PTFE membrane and the PEEK tube were covered again using a perforated PEEK rod with a centrically bore hole. The packaged FBG based humidity sensor is shown in Fig. 2 . 
EVALUATION
The packaged FBG based humidity sensor was evaluated using a FBG interrogator consisting of a broadband light source (Opto-Link ASE light source), a 3dB coupler and a spectrometer (Ibsen I-Mon E). At the beginning the humidity response of the FBG based humidity sensor was evaluated at different temperatures. In Fig. 3a the humidity readings at different temperatures of the sensor are shown after the sensor was calibrated using a climate chamber (Memmert CTC256). As shown in Fig. 3a the FBG based humidity sensor has a linear response to humidity independent of the ambient temperature. Following this, the response time of the packaged fibre optic sensor was measured. Initially the sensor was kept at constant temperature (20°C) and humidity (20% RH) followed by immersing the packaged sensor in water. The obtained step response of the packaged sensor was compared to an unpackaged FBG based humidity sensor. Both step responses are shown in Fig. 3b . It is evident from Fig. 3b , that the packaging has no influence on the response time. Finally the alkaline resistance of the sensor packaging was tested. An alkaline solution was obtained by 0.75 M KOH and 0.75 M NaOH in a 10% CaOH solution [6] . The pH value of this alkaline solution was 13.4, which was measured using a pH-meter (Hach HQ40d). A packaged and a bare fibre optic humidity sensor were both immersed for 22h in the alkaline solution. In Fig. 4a and Fig. 4b the sensors responses to different humidity levels at constant temperature (20°C) are shown. According to Fig. 4a the sensor packaging can withstand high pH concentrations and therefore can protect the sensor against alkaline pore water. On the other side, the response of the bare fibre optic sensor changed dramatically after the sensor was immersed in the alkaline solution. Also the bare sensor shows a hysteresis now, which was not observed before. 
SUMMARY
In this paper a packaging for a fibre optic humidity sensor was reported. The evaluation verified that the packaging is able to protect the sensor in a highly alkali solution (13.4 pH). The designed fibre optic sensor shows a linear response to humidity and is insensitive to temperature variations. Furthermore, the response time of the packaged sensor is identical to that of a bare fibre optic humidity sensor. Therefore the packaged sensor can be applied to measure humidity within concrete structure and thus to indicate their maintenance.
